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Questions about the effect of natural and man-made changes in trace gas concentrations

on the stratospheric composition and climate are addressed using computer models.

These models are complex, because the processes that control the composition and

climate of the stratosphere are interrelated. It is a long-standing challenge to develop a

computer model to simulate the radiative, dynamic and photochemical processes that are

important in the stratosphere. One approach to this challenge is to develop a general
circulation model that solves the equations of motion in the stratosphere. A second

approach is to develop a chemistry and transport model that uses winds and temperatures

from a data assimilation system. The assimilation system combines observations made

by instruments on satellite, balloon, and ground-based platforms with a general
circulation model to provide the best estimate of the state of the atmosphere at a specific

time.

In this work we are comparing observations of ozone and methane to calculations of

ozone and methane that were made using winds from a general circulation model or using

winds from a data assimilation system. These comparisons show what happens to the

overall stratospheric transport when the assimilation system removes biases between the

general circulation model results and the actual winds and temperatures. The circulation

speeds up in the tropics, and there is too much mixing between the tropics and middle
latitudes. This work shows that it is necessary for the general circulation model used in

an assimilation system to represent all of the important physical processes. The

assimilation system can remove biases, but when biases are present the transport
calculated with assimilated winds is less realistic than the transport calculated with the

general circulation model winds. The excessive transport and mixing makes assessment

calculations using assimilated winds uncertain. Understanding these processes is an

important step towards making reliable predictions of the future of stratospheric

composition and climate.
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Abstract

Off-line modelsof theevolutionof stratosphericconstituentsusemeteorological
informationfrom a generalcirculationmodel(GCM) or from adataassimilationsystem
(DAS). Herewe focuson transportin thetropicsandbetweenthetropicsandmiddle
latitudes.Constituentfieldsfrom two simulationsarecomparedwith eachotherandwith
observations.Onesimulationuseswindsfrom aGCM andtheseconduseswindsfrom a
DAS thathasthesameGCM atits core.Comparisonsof resultsfrom thetwo simulations
with observationsfrom satellite,aircraft,andsondesareusedto judgetherealismof the
tropical transport.Faithfulcomparisonsbetweensimulatedfields andobservationsfor 03,
CH4,andtheage-of-airarefoundfor thesimulationusingtheGCM fields. Thesame
comparisonsfor thesimulationusingDAS fields showrapidupwardtropical transport
andexcessivemixing betweenthetropicsandmiddlelatitudes. Theunrealistic
transportfoundin theDASfields maybedueto thefailureof theGCM usedin the
assimilationsystemto representthequasi-biennialoscillation. Theassimilationsystem
accountsfor differencesbetweentheobservationsandtheGCM by requiringimplicit
forcing to produceconsistencybetweentheGCM andobservations.Thesecomparisons
suggestthatthephysicalconsistencyof theGCM fields is moreimportantto transport
characteristicsin the lower tropicalstratospherethantheeliminationbiaswith respectto
meteorologicalobservationsthatis accomplishedby theDAS. Thecomparisons
presentedhereshowthatGCM fields aremoreappropriatefor long-termcalculationsto
assesstheimpactof changesin stratosphericcompositionbecausethebalancebetween
photochemicalandtransporttermsis likely to be representedcorrectly.

I. Introduction

As first discussedby Rood et al. [ 1989], constituent evolution calculated using an off-line

chemistry and transport model (CTM) that is forced by meteorological fields from a data

assimilation system will reproduce observed constituent variability and transport if

several conditions are met. These conditions include the following: 1) that the

assimilation fields reflect the actual atmospheric state; 2) that the model photochemistry

is realistic; 3) that the advection scheme is sufficiently accurate that scheme numerics



have little impact. If 1) and 3) are shown to be true, the approach can be used to identify

and test photochemical mechanisms.

This approach has become standard during the past decade. CTMs use winds from

analyses produced by the United Kingdom Meteorological Office (UKMO) [Chipperfield

et al., 1994; Chipperfield et al., 1996], by the European Centre for Medium-Range

Weather Forecasts (ECMWF) [Lefevre et al., 1994; Deniel et al., 1998], and by the

Goddard Earth Observing System Data Assimilation System (GEOS DAS) [Rood et

al., 1991; Douglass et al., 1997; Kawa et al., 2002]. CTM simulations have been used to

interpret observations from different platforms, including aircraft [Douglass et al., 1993;

Lef_vre et al., 1994]; satellite [Geller et al., 1995; Chipperfield et al., 1996], balloon

[Kondo et al., 1996] and ground based instruments [Goutail et al., 1999; Chipperfield

and Pyle, 1998; Chipperfield, 1999, Sinnhuber et al., 2000]. CTMs using assimilated
winds have been used to simulate transport and buildup of pollutant from hypothetical

supersonic aircraft flying in the lower stratosphere [Weaver et al., 1996] and to quantify

the relative contributions of transport and photochemistry to ozone changes on seasonal

and longer time scales [Chipperfield and Jones, 1999]. Several groups are using this

approach for interpretation of satellite observations of tropospheric aerosols [Chin et al.,

2000; Ginoux et al., 2001] and constituents [Bey et al., 2001].

Comparisons of model and observations reveal striking similarities, and it is well known
that the assimilation-driven CTMs reproduce synoptic and planetary scale variability as

observed in stratospheric ozone and other constituents at middle and high latitudes.

However, good agreement of observations and model for a single tracer does not imply

good agreement for a second constituent with different relative vertical and horizontal

gradients. For example, Considine et al. [2002] demonstrated that horizontal and vertical

transport in the high latitude polar winter produce good agreement between observed and

modeled values for vortex N20 throughout the northern winter 1999-2000, but poor

agreement for modeled NOy. There are additional nagging problems as well. Douglass

et al. [ 1997] and Chipperfield [1999] show poor representation of tracer gradients

particularly between tropics and middle latitudes using the Goddard Space Flight Center

(GSFC) CTM with winds from GEOS DAS and the SLIMCAT CTM with winds from

UKMO respectively. Both of these studies find that modeled ozone generally compares

better with observations than do long-lived tracers, with the exception of a high bias

between modeled and observed ozone in the summer high latitude lower stratosphere.

The weak tracer gradients between the tropics and middle latitudes are consistent with the

results of Weaver et al. [2000], who developed a climatology for the production of

laminae in ozone profiles from ozonesonde profiles and found that the model produced

excessive lamination in the subtropics.

For short integrations, a CTM driven by assimilated winds provides information about

the meteorological conditions in which measurements are made. Such information is

useful to bring together measurements of various constituents made from different

platforms (e.g., balloon, aircraft, and Satellite). However, a primary application for

atmospheric models is to predict the future condition of the atmosphere, and assess the

importance of natural and anthropogenic changes in atmospheric composition to
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stratospheric ozone. Assessment calculations often require long integrations, and the

requirements for model performance are stringent. Ideally the model ozone evolution
will match observations because the balance between transport and photochemical

processes is represented correctly. It is also necessary that the balance among

photochemical processes be represented correctly for a realistic assessment calculation

[Wennberg et al., 1994]. Decadal length data sets for reactive constituents such as ozone

long-lived constituents like CH4 can be compared with output from long model

simulations to verify that the model balances are realistic.

Comparison of model fields with observations for specific meteorological conditions are

made for a CTM using winds from a data assimilation system but not for a CTM using

winds from a free running general circulation model. Douglass et al. [1999] developed

data based diagnostics that could be applied to fields from any three dimensional model.

The diagnostics were chosen to address specific aspects of transport, so that the model

evaluation would be semi-quantitative and the overall impact of future model

improvements could be evaluated. All discrepancies between model and observation

affect the uncertainties of assessment calculations. The uncertainties in the assessment

calculations that are introduced by poor agreement of various aspects of constituent

transport in the face of "good agreement" for other aspects of transport are difficult to

quantify.

Recently attention has focused on the use of the mean age of stratospheric air as a tool for

model evaluation. The mean age, the mass weighted average of the transit times from the

tropical tropopause to any given location, is a sensitive diagnostic of model transport

[Hall and Plumb, 1994; Hall et al., 1999]. Model calculations of mean age were

compared with the age determined from observations of SF 6 and CO2 as part of Models

and Measurements Intercomparison II [Park et al., 1999]. Hall et al. [1999] show that in

most models, the age of air in the middle and high latitude lower stratosphere is too

young, indicating that the overall model circulation and mixing are too rapid. Young

model mean ages are consistent with strong upward tropical transport and excessive

transport out of the tropics, and/or excessive horizontal mixing between middle latitudes

and the tropics. Thus young age in the middle and high latitude lower stratosphere is

consistent with weak horizontal constituent gradients in the lower stratosphere subtropics

as found by Douglass et al. [1997]. Schoeberl et al. [2002] use trajectory calculations

with meteorological input from assimilations systems and a general circulation model to

show how horizontal mixing and vertical transport characteristics of the meteorological

fields impact the age spectrum, i.e., the distribution of parcel transit times that comprise

the mean age. The age spectra determined from DAS fields differ from that computed

using winds from a GCM. The age spectra for DAS fields are too broad as a result of

too much exchange between the tropics and mid-latitudes.

The results of Schoeberl et al. [2002] are consistent with the problem that modeled tracer

gradients between the tropics and middle latitudes are weaker than observed. These weak

horizontal tracer gradients are produced by various assimilation systems, and different

approaches to utilizing assimilation winds within the CTM framework do not solve the

problem. Douglass et al. [1997] and Chipperfield [1999] used fields from GEOS DAS



andUKMO respectively. ApplicationsusingtheGSFCCTM calculatethevertical
velocitiesfrom thehorizontaldivergenceby requiringcontinuity,thusanexcessively
strongcirculationandexcessivehorizontalmixing maycontributeto theweakhorizontal
gradients.TheSLIMCAT modelcalculatesverticaltransportfrom diabaticheating;in
this casetheverticaltransportis realistic,butexcessivehorizontalmixing is possible.
Waugh [ 1996] used contour advection with meteorological fields from GEOS DAS,

UKMO, and NCEP to examine isentropic transport from the tropics to the middle

latitudes, and found that the different meteorological fields produced similar transport.

This study will focus on simulations using the NASA Goddard three-dimensional

chemistry and transport model. Meteorological fields from two sources are used to drive

the model. These are the Finite Volume General Circulation Model (FVGCM) and the

FVDAS, a version of the GEOS DAS that uses the FVGCM at its core. All aspects of the

CTM are identical except the meteorological data, thus the comparisons between model

fields and observations can be thought of as a controlled experiment designed to

determine the effect of the assimilation process on the transport. Model fields are

compared with total ozone observations (Total Ozone Mapping Spectrometer (TOMS)),

ozone profiles (Halogen Occultation Experiment (HALOE) on Upper Atmosphere

Research Satellite (UARS) and Southern Hemisphere Additional Ozonesondes

(SHADOZ)), methane profiles (HALOE) and in situ measurements of ozone and total

reactive nitrogen from the NASA ER-2.

The constituent observations used in this study are described in section II. The CTM and

a short description of the meteorological data sets used to drive it are described in section

Ill. Section IV considers comparisons of model fields with observations, focusing

primarily on the lower tropical stratosphere. Comparisons of observations of methane
and ozone with results from the two simulations provides a means to untangle

contributions of transport and photochemistry to ozone in the lower tropical stratosphere.

Conclusions are given in section V.

II. DATA

The observations used in this study are from four sources described briefly in the

following subsections.

Total Ozone Mapping Spectrometer (TOMS)

Total ozone data used here are taken from the Total Ozone Mapping Spectrometer

(TOMS) instrument launched on the Earth Probe Satellite in July 1996. The data are

processed with the TOMS algorithm version 7 and are described by Mc Peters et al.

[1998]. Time series of zonal mean TOMS data are compared with model values in

section IV to provide a global context for the seasonal migration of the latitudes of

strongest upwelling.

Halogen Occultation Experiment (HALOE)
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Russell et al. [1993] describe the HALOE instrument that has measured profiles of ozone

and other important gases using solar occultation from launch of the Upper Atmosphere
Research Satellite in fall of 1991 until present. Approximately 15 sunrise and sunset

profiles are measured daily at each of two near-constant latitudes. Profiles for ozone and
methane used here are retrieved using algorithm version 19. Vertical resolution for ozone

profiles is about 2 km; the ozone mixing ratio error estimates are -10% between 50 hPa
and 1 hPa, and -30% at 100 hPa [Briihl et al., 1996]. The vertical resolution for

methane profiles is about 4 km; between 50 hPa and 0.2 hPa the total error is less than

15% [Park et al., 1996]. The differences between model and observations will be

explored by organizing the HALOE observations to emphasize seasonal and spatial

variability in the tropics and subtropics. A typical scan of the sampling latitude for
HALOE sunrise or sunset observations is shown in Figure 1. There are about 25 similar

periods during 1998 and 1999 when the latitude for sunrise or sunset observations on

successive days sweeps from about 30 ° in one hemisphere to 30 ° in the other hemisphere.

Such a scan will be referred to as a sweep. Each day during a sweep HALOE measures

as many as 15 profiles. The latitude change during a single day is typically 3-5 degrees.

Southern Hemisphere Additional Ozonesondes (SHADOZ)

Thompson et al. [2002] describe the ozone and temperature profiles that are available

through the SHADOZ network. This data set is ideal for the comparisons used here.

Ozone and temperature profiles are usually reported more than once per month at

participating stations. The SHADOZ temperatures are not used in the assimilation

system, thus comparisons between SHADOZ, FVGCM and FVDAS temperatures show

how well the assimilation process eliminates any biases between the GCM temperatures

and observations. This is not possible with HALOE temperatures because the

temperature profiles reported with HALOE constituent profiles are taken from the
National Center for Environmental Prediction (NCEP) analyses below 35 km. NCEP and

FVDAS analyses rely on the same temperature observations, thus comparisons in the

lower stratosphere between temperature profiles from HALOE and FVDAS are not

independent. The high-resolution profiles of lower stratospheric ozone are also ideal for

use in this paper. The temporal and spatial range sampled by the SHADOZ stations

(Table 1) is sufficient to resolve features like the seasonal migration of the latitude of

deepest upwelling seen in TOMS and HALOE data.



Table 1 SHADOZstationsorderedby latitude,startingatthefarthestsouth
StationName Latitude Longitude Yearswith

Irene,SouthAfrica 25.90S
La R6unionObservatory 21.06S

18.13SSuva,Fiji Observatory
PagoPago,AmericanSamoa
Tahiti
AscensionIsland
Java,Indonesia
Natal,Brazil

Data

5.42S

28.22E 1998-2000
55.48E 1998-2000
178.40E 1998-2000

Profiles

23
53
87
7514.23S 170.56W 1998-2000

18S 149W 1998-1999 72
7.98S 14.42W 1998-2000 95
7.57S 112.65E 1998-2000 43

35.38W 1998-2000 49

Malindi, Kenyastation 2.99S 40.19E 1999-2000 22
Nairobi,Kenya 1.27S 36.80E 1998-2000 93
SanCrist6bal,Galapagos 0.92S 89.60W 1998-2000 74

5.81N 1999-2000Paramaribo 55.21W 15

ER-2

In situobservationsof ozone [Profitt et al., 1989] and reactive nitrogen (NOy) [Fahey et

al., 1989] were made during March and October 1994 from the ER-2 near 20 km as part

of the 1994 Airborne Southern Hemisphere Ozone Experiment/Measurements for

Assessing the Effects of Stratospheric Aircraft (ASHOE/MAESA) campaign. The data

show that the interior of the tropics between 50 and 70 hPa is strongly isolated from the

middle latitudes [Fahey et al., 1996]. The gradient in the observed ratio NOy/O3 is

weaker at middle latitudes and sharper in the subtropics than the gradient of either NOy or

03. The ratios NOy/O 3 calculated from the CTM driven by FVDAS and FVGCM will be

compared with observations. The model fields in the lower tropical stratosphere are
sensitive to the CTM balance between photochemical production, upwelling and

horizontal transport and mixing.

III. MODEL

The GSFC CTM solves a coupled set of constituent continuity equations. Winds and

temperatures needed for transport and photochemical reaction rates are input to the

model, thus there are no feedbacks between constituents such as ozone and the

meteorological fields. Photochemical production and loss are calculated using the

photochemical scheme described by Kawa et al. [2002]. Numerical transport is

calculated using a scheme described by Lin and Rood [1996]. A 15-minute time step is

used for transport and photochemistry. The photolysis rates are calculated using

temperature dependent cross sections JPL [2000] and reduced fluxes that are interpolated

using a table lookup based on detailed radiative transfer calculations from the model of

Anderson and Lloyd [1990]. The photolysis rates calculated in this way agree with the

photolysis benchmark which was developed as part of the Atmospheric Effects of

Aviation Project [Stolarski et al., 1995].
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Meteorologicalinput maybetakenfrom ageneralcirculationmodel(GCM) or from a
dataassimilationsystem(DAS). Thegeneralcirculationmodelproducesfields that
satisfytheequationsof motion;agreementof modelclimatewith observationsisan
importantaspectof GCM evaluation.A dataassimilationsystem(DAS)combines
informationfrom bothobservationsandageneralcirculationmodel(GCM). Thesystem
producesmeteorologicalfieldsthatdrawto theobservationsandalsosatisfythe
equationsof motion. If themodelfully representstheatmosphericphysics,andthe
observationsareaccurate,thedifferencesbetweenthemodelandobservationswould
havezerobiasandaGaussiandistribution. Theassimilationprocesswould accountfor
randomerrors,andtheoverall transportcharacteristicsfrom theDAS would likely be
similar to theoverallcharacteristicsof theGCM. However,currentGCM fields exhibit
biaseswhencomparedwith observations.TheDAS producesmeteorologicalfieldsthat
drawto theobservationsandsatisfytheequationsof motion,but to accomplishthis it
implicitly providessystematicforcing to themodel. Theoveralltransportcharacteristics
producedby DAS fields losepartof their connectionto thetransportproducedby the
GCM.

TheFVGCM,which wasdevelopedin collaborationwith theNationalCenterfor
AtmosphericResearch(NCAR), usesaflux-form semi-Lagrangiantransportscheme[Lin
and Rood, 1996, 1997] and a quasi-Lagrangian vertical coordinate system [Lin, 1997] to

ensure accurate representation of transport by the resolved-scale flow. The FVGCM has

a horizontal resolution 2 ° lat by of 2.5 ° long, and extends to 0.01 hPa, and the daily

averaged product is available to the user. Physical parameterizations in the current
version of the FVGCM are from the NCAR Community Climate Model, Version 3

(CCM3), described by Kiehl et al. [1998].

Various versions of GEOS DAS have been used in past applications of the GSFC CTM.

The systems and the chief differences among them are summarized in Table 2;

improvements in the assimilation system have been accompanied by improvements in the

CTM transport.. There are important differences between theTerra assimilation system

(GEOS 3) and the prototype system FVDAS (GEOS 4). The spatial resolution of the

Terra system is 1° lat by 1° long horizontal grid with 48 levels compared with 2° lat by

2.5 ° long and 55 levels in FVDAS. The Terra system uses incremental analysis update

and retrieved temperatures from TOVS; the FVDAS used an intermittent update and

assimilates TOVS/AMSU radiance instead of retrieved temperatures. The Terra system

and FVDAS both use the Physical-space Statistical Analysis Scheme (PSAS) [Cohn et

al., 1998]. A fundamental difference is that the GCM at the core of the Terra system is

replaced by FVGCM in FVDAS. Figure 2 compares potential vorticity (PV) between
30°S and 30°N at 50 hPa calculated using fields from the Terra system with PV from

FVDAS. The Terra PV is much noisier than the FVDAS PV, although similar features

are recognizable in both fields. As noted above, the horizontal transport produced by

assimilation fields typically leads to horizontal gradients that are weaker than observed in

the subtropics. Because the PV from FVDAS is much smoother than the PV from Terra,

we anticipated less horizontal mixing in the CTM driven by winds from FVDAS than

was produced in the CTM driven by winds from Terra, particularly between the

subtropics and middle latitudes.



Table2
GEOS-1
UARSMAESA
STRAT

GEOSGCM

GEOS-2
TRMM

GEOSGCM

GEOS-3
Terra
Nov 1999
- present

GEOSGCM

GEOS-4
FVDAS
In validation
Jan1998-

FVCCMMODEL

Resolution 2° x 2.5° x L46 2° x 2.5°x L70 1"x 1° x L48 2° x 2.5° x L 55
(lat lon # lev)

Optimal PSAS PSAS PSAS
interpolation

ANALYSIS
IncrementalAnalysisUpdate IntermittentUpdate

CTM calculationshavebeencompletedusingmeteorologicalfieldsfrom all of the
assimilationsystemslistedin Table2 andalsowith outputfrom theFVGCM. Thereare
differencesin thedistributionsof theconstituentscalculatedusingwindsfrom the
differentDAS systems,andcomparisonsof modelfieldswith ozonesondedataare
shownin thefollowing section.Thefields producedby theCTM usingwindsfrom
FVDAS aremoresimilar to observationsthanfields usingtheCTM with windsfrom
olderassimilationsystems.Becausethis paperfocusesonchangesin transportthatresult
from theassimilationprocess,mostcomparisonswith observationswill utilize output
from theCTM drivenby FVGCM (heretermedCTMvv_cM)or FVDAS (heretermed
CTMwDAs).

IV. Comparisons with Observations

Temperature, Mean Age, and Tropical Isolation

The zonal monthly mean temperature fields for January 1998 from FVDAS and the
difference between FVDAS and FVGCM for 45°S - 45°N are given in Figure 3. The

FVGCM is warmer in the tropical lower stratosphere than FVDAS. This comparison

provides a sense of the horizontal and vertical extent of the difference between the two
fields. The time series of the difference between zonal mean temperatures from FVGCM

and FVDAS for the equator between 100 hPa and 10 hPa is given Figure 4a. The time

series of the difference in zonal mean zonal wind from FVGCM and FVDAS at the

equator is given in Figure 4b. The importance of the quasi-biennial oscillation (QBO) is
evident in these difference fields. Both temperature and wind information are combined

with the GCM in the assimilation process; the assimilated fields must satisfy the

equations of motion and account for the physical forcing that leads to the observed

evolution of wind and temperature that is absent from FVGCM. The equatorial thermal

wind relationship illustrates the success of the assimilation system in producing fields

that satisfy the equations of motion



R
Tyy (1)
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Here u is the zonal wind, T is the temperature subscripts y and z indicate the partial

derivative with respect to latitude and altitude respectively, R is the gas constant, H is the

scale height, and [3 is the rate of change of the Coriolis parameter with latitude. This

relationship is satisfied for fields from FVGCM (not shown) since the GCM fields are

solutions to the equations of motion. Time series for u_ and -R/[3H Tyy calculated using

monthly mean zonal wind and temperature show that this relationship is also satisfied for

FVDAS fields (Figures 4c and 4d). However, the forcing to produce the spatial and

temporal structure found in FVDAS is lacking in FVGCM. The structure is produced by

the assimilation system through the input of observations; in the absence of observations

the system would relax to the nearly constant easterly winds of the FVGCM. The

assimilation system produces fields that are very different from the FVGCM fields but

still satisfy the equations of motion in the tropics by including systematic forcing as

required by the observations through the assimilation system.

To illustrate the effect of the assimilation system on the temperature distribution,

histograms of the differences between temperatures at 46 hPa measured by the SHADOZ
sonde network and temperatures from the FVGCM and the FVDAS at the sonde

locations (Table 1) are shown in Figure 5. The temperatures from the FVGCM are biased

with respect to the sonde temperature, which those from FVDAS compare closely with

the sonde temperatures. The mean (-0.11 K) and standard deviation (3.03K) of the

difference between sonde temperatures and FVDAS temperatures are much smaller than

the mean (-2.13 K) and standard deviation (3.52K) of the difference between sonde

temperatures and FVGCM temperatures.

The forcing in the assimilation system that is required for consistency between the
observations and the GCM forecast can be considered an artificial source of heating that

will be accompanied by changes in model transport. We illustrate the changes using the

mean age as a diagnostic of the integrated model transport and the isolation of the tropics

from the middle latitudes.

As discussed by Hall et al. [1999], the mean age at a location in the stratosphere for a

constituent such as SF6 with a steady tropospheric trend is the difference between the

time of a measurement and the time in the tropospheric time series when the measured

value matches the troposphere value. The age of air is determined using CTMwc, cM and

CTMwDAS simulations of SF 6. Results are shown in Figure 6. The integration was

continued until comparison of successive years showed that the age distribution had

converged (nine years of simulation for CTMvvccM and five years of simulation for

CTMwDAS). There are striking differences between these two calculations. The

stratospheric air is much younger for the CTMwDAS than for the CTMwccM. Above 25

km, the age of air for CTMw_cM changes much more rapidly between the middle latitudes

and the tropics than that for CTMwDAS. Observations suggest that at 65°N the mean age

should be between four and six years at 20 km. Here the age of air from CTMwccM is
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greaterthanthreeyears,comparedwith lessthantwo yearsfrom CTMFvDAs.Themean
agefrom CTMFvGcMdoesnotreproduceall of thefeaturesof theobservations,however,
it is muchmorerepresentativeof theobservationsthanthemeanagefrom CTMFvDAs.
Notethatthemeanageis alsosensitiveto advectionnumerics,resolution,andchoices
suchasuseof instantaneouswindsratherthantimeaverageor anon-linecalculation
[Eluszkiewiczet al., 2000]. Schoeberl et al. [2002] show results for age spectra
calculated from the same wind fields using diabatic trajectories, kinematic trajectories,

and a CTM. The trajectory calculations eliminate contributions from numerical errors.

However, the same methodology was used for the CTMwDAS and CTMwGcM calculations

shown here. The methodology may affect the comparison of results from either

calculation with observations, but will have little impact on comparisons between the

calculations. The differences between the age distributions in Figure 6 result solely from

differences in the transport produced by the FVDAS and FVGCM winds.

Fahey et al. [1996] show that the sharp gradient in the ratio NOy/O3 calculated from

distributions of NO r and 03 measured from the ER-2 as part of ASHOE MAESA marks

the boundary between the inner tropics and middle latitudes. The gradient at the edge of

the tropics is sharper in the northern hemisphere during March and October 1994 than

that in the southern hemisphere. In the northern hemisphere the steepest gradient in

October is poleward of its March latitude. Fahey et al. [1996] reported poor agreement

of the observed steep horizontal gradients with those produced by two-dimensional

models available at that time, although better agreement was obtained when model

diffusion was reduced to emulate the conceptual model known as the tropical pipe

[Plumb, 1996]. The time series of the zonal mean ratio NOLO3 and the absolute value of

the latitudinal derivative, both at 500K, are shown in Figure 7. The contrast between the

subtropics and middle latitudes is marked in CTMvvacM compared to CTMFvDAS. The

latitudinal gradients (Figure 7c and 7d) highlight the difference in isolation. However,

both simulations reproduce the observed seasonal migration of the latitude of the steepest

gradient in the northern hemisphere. The latitude of the steepest gradient varies less with

season in the southern hemisphere.

The NOy and 03 from CTMFvc, cM and CTMw_As are interpolated linearly in latitude,

longitude and log pressure in the vertical, to compare the ratio NOy/O3 directly with the
ER-2 data taken March 20-29, 1994. These results, along with the model zonal mean

ratios at 56 hPa and 67 hPa, are shown in Figure 8. The apparent sharp boundary

observed at 18°S reflects the vertical gradient of the ratio between 50 and 65 hPa.

Ignoring this sharp transition, the CTMwccM ratio reflects most of the features of the

observations. One flight shows lower, near tropical values in the northern subtropics.

Inspection of model fields shows no evidence of such variability in CTMwGcM. The

CTMFvDAs for 1998 or 1999 shows much weaker gradients than observed in either

hemisphere. Near the equator the minimum is too large and at middle latitudes the
maxima are too small. The transition between the northern subtropics and middle

latitudes is less pronounced during 1999 (QBO westerly) than in 1998. This lack of

agreement shows that the model balance between horizontal mixing and vertical
advection is not realistic.
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Comparisons of Model Total Ozone with TOMS Observations

Time series of the zonal average total ozone and the latitudinal derivative from TOMS,

CTMw_cM and CTMwDAs are shown for 40°S - 40°N in Figure 9. Both simulations bear
a resemblance to TOMS. The ozone in the tropics is somewhat lower in CTMwDAs than

in CTMwc, cM (or TOMS), suggesting that the tropical upwelling and the overall strength

of the residual circulation are stronger in CTMFvDm than in CTMwGcM [Jackman et al.,

1991 ]. CTMwGcM represents the poleward migration of the low values during autumn of

the both hemispheres more faithfully than CTMwDAs. This is also demonstrated by

comparison of the absolute values of the latitudinal derivatives between 40°S and 40°N.
The TOMS derivative at 20°S exhibits seasonal variation; the gradient of column 03 is

weaker in Feb/Mar/Apt than between August and November. In CTMwoAs, the gradient

at 20°S is nearly constant until late November. In CTMvvc, cM, the gradient is weaker at

20°S during June and July than in the second half of the year, and is more similar to

TOMS than CTMwDAS. In the northern hemisphere, both simulations approximate the

seasonal variation in TOMS, although the derivative near 20°N from CTMwDAs is too

strong throughout the year. The areal extent of very weak latitudinal derivative is smaller

in CTMwvAs than in the CTMwccM or TOMS. However, in the tropics the CTMFvccM
derivative shows structure not seen in the observations, and CTMwGcM values are

generally higher than observed.

Histograms of the distributions of 1998 TOMS and column ozone for 15°S - 15°N, and

latitudes between 15° and 40 ° are given in Figure 10. The TOMS data are utilized at 4 °

latitude by 5 ° longitude resolution, and grid boxes with missing data are eliminated from

the model fields. The most probable values, means and standard deviations of the

distributions are also provided on Figure 10.

There are differences and similarities in the observed and modeled distributions. The

CTMwDAS mean is close to the TOMS mean and lower than the CTM_c, cM mean,

consistent with stronger upwelling in CTMFvDAs than CTMFvGcM [Jackman et al., 1991 ]

and with the younger age of air in CTMFvDA s than CTMvvGcM. In the tropics, the

distributions have a similar shape. The standard deviation for the distribution from

CTMwDAs is about the 14% higher than that for the observed distribution; the standard

deviation for the CTMwGcM distribution is 17% lower. The model distributions for 15 °-

40 ° latitude differ, and the distribution for the simulation driven by CTMwc, cM is similar

to the observed distribution. Total ozone greater than 400 DU is much more probable in

the CTMwDAs simulation than observed. The most probable value of the CTM_vAs

distribution is 20 DU (7%) greater than that of the observed distribution, and the standard

deviation is 10.1 DU (31%) greater.

Comparisons of Model Ozone with SHADOZ data

Histograms for the partial ozone column between 140 hPa and 57 hPa calculated from the
ozonesondes and both models are shown in Figure 11. The distributions are divided by

latitude; sonde stations between 18°-26°S are subtropics and those between 14°S and 6°N
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aretropics. TheozonesondesandCTMFvDA s show similar variability in the tropics, and

virtually identical standard deviations (-4.5 DU). The mean and most probable values of

the distributions for the tropics using CTM_.DAs or CTMFvGcM are about 5 DU greater

than those of the sonde distribution. The sonde distribution in the subtropics is shifted

about 2 DU to higher values relative to that for the tropics. Both distributions are sharply

peaked. For CTMFvccM, the subtropics distribution is shifted about 5 DU relative to the

tropics and the shapes of the distributions in the tropics and subtropics are similar. The

distribution from CTMFvoA s bears little resemblance to that observed in the subtropics.

However, there has been improvement in the quality of simulations obtained with

successive data assimilation systems, as illustrated by the distributions for simulations

using winds from the TRMM and TERRA data assimilation systems (Table 2), also given

in Figure 11. These partial columns calculated using the same model but different

meteorological input show even greater variability in the subtropics relative to the tropics

than CTMFvDAs. Furthermore, the tropics exhibit far more variability than that observed

or found in CTM_-vDAS. The expectation that the smoother potential vorticity for FVDAS

shown in Figure 2 would be accompanied by more realistic transport is realized, but large

differences remain.

Tropical ozone from either CTMpcDA s or CTMFvacM is high biased when compared with
sondes and with total column ozone from TOMS. The total column comparison is worse

than it seems because the simulated column ozone should be systematically low with

respect to TOMS in the tropics since TOMS contains contributions from the troposphere

that are absent from the CTM. It is not possible that changes in the residual circulation

can resolve all the discrepancies between observations and the model, because an

increase in the strength of the upwelling or increase in the latitude breadth of upwelling

that would bring the CTM ozone into better agreement with observations would surely

further degrade the age of air calculation. In spite of the increase in upwelling in the

tropics in FVDAS relative to FVGCM, the most probable value of CTMwDaS remains

significantly higher than that of the ozonesondes. The possibility that a problem with

ozone photochemistry contributes to this bias will be discussed further after comparing

modeled methane and ozone with that observed by HALOE.

Comparison of Ozone and Methane with HALOE Observations

The HALOE data for 1998 and 1999 are organized according to sweeps (see Figure 1) for

comparisons with the model ozone and methane to illustrate the seasonal variation in the

tropics. The HALOE mixing ratios for each sweep are shown as functions of latitude in
Plates 1 and 2. Model sweeps are obtained by sampling the model output following the

HALOE pattern and are also given in Plates 1 and 2. The differences between observed

and modeled sweeps are also given in these Plates to facilitate the comparision. Note that

the comparisons for each year are shown separately to emphasize differences between the

two years that may be due to the QBO. The sweeps are identified by the colors of the

plotting symbols; the months during which the sweeps take place are given on the bottom

of the figure. The mean and standard deviation are provided for all observations that fall
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between15°S-15°Nfor eachyearandfor observationsbetweenbetween15-40northor
southlatitudein Table3 (ozone)andTable4 (methane).

HALOE 03 (Platesla andlb) andCH 4 (Plates 2a and 2b) show little seasonal variation

during 1998 or 1999 between 15°S and 15°N. However, some interannual differences are

apparent. In 1999 (QBO westerly), HALOE ozone between 15°S and 15°N is elevated

compared with 1998 (QBO easterly) (compare Plates l b and 1a). This is consistent with

the analysis of aerosol observations reported by Trepte and Hitchman [1992]. HALOE

methane does not exhibit a signature related to the phase of the QBO at this pressure

because its vertical gradient is near zero.

Seasonal variation is apparent at higher latitudes. South of 15°S the HALOE 03 (CH4) is

higher (lower) during winter (July, September) than summer (December, March). This

seasonal signature is seen in both years of HALOE observations and is apparent in 03 and

CH 4 from CTMvvacM(Plate lc-d and Plate 2 c-d) but not in CTMwDAs (Plate 1 g-h and

Plate 2 g-h).

North of 15°N both seasonal and interannual differences are apparent. The March 1998

ozone mixing rations are the largest observed by HALOE during this period, and the

December 1998 mixing ratios are the lowest seen in 1998. In contrast, the December

1999 ozone mixing ratios exceed the March 1999 mixing ratios. The methane mixing

ratios behave in the opposite sense because the spatial gradients of methane are opposite

to those of ozone, e.g., the December 1999 mixing ratios are the lowest. The seasonal

signatures for methane are much less pronounced than for ozone because the methane

gradients are small relative to the ozone gradients.

As shown in the comparisons of temperature with observations, the QBO is evident in the

wind fields produced by FVDAS, but FVGCM does not produce a QBO and this feature

is forced by observations in the assimilation system. During 1999 the zonal wind near 46

hPa is westerly (Figure 4b), and the variance in constituent fields calculated using

CTMvvDA s is increased at all latitudes relative to that seen in CTMwDAs fields during 1998

(compare Plate li with Plate lj and Plate 21 with Plate 2j). Since GCM zonal winds are

always weak easterlies, this increase in variance may indicate a relationship between the
noise in model constituent fields and the difference between the base state of the GCM

used in the assimilation and the observed state. The variance in CTM ozone at 46 hPa

(Table 3) is largest during the westerly phase of the QBO when the difference between

the GCM wind field and the observations is largest (Figure 4b). The standard deviations

of the HALOE observations for ozone (Table 3) and methane (Table 4) are nearly the

same for the two years within each latitude regions.
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Table3

HALOE 03
CTMFvDAS03
CTM_6cM03

HALOE 03
CTMFvDAS 03

CTM_vc, cM 03

mean

1.4 ppmv

1.7 ppmv

1.9 ppmv

1998

(y

15os _ 150N

0.23 ppmv

0.35 ppmv

0.24 ppmv

1998

mean

1.7 ppmv

1.9 ppmv

1.8 ppmv

30°S - 15°S and 15°N - 30°N

mean

1.9 ppmv 0.41 ppmv

2.4 ppmv 0.54 ppmv

2.2 ppmv 0.39 ppmv

mean

1.8 ppmv

2.4 ppmv

2.2 ppmv

1999

cy

0.20 ppmv

0.50 ppmv

0.23 ppmv

1999

(y

0.39 ppmv

0.57 ppmv

0.36 ppmv

Table 4
15os _ 15°N

1998 1999

mean cy mean

HALOE CH 4 1.62 ppmv 0.07 ppmv 1.64 ppmv

1.63 ppmvCTMFvDAS CH4 1.62 ppmv 0.05 ppmv

0.03 ppmv

(y

CTMFv6cM CH4 1.63 ppmv 1.63 ppmv
30°S - 15°8 and 15°N - 30°N

1998 1999

mean o mean

0.08 ppmv

0.05 ppmv

0.03 ppmv

HALOE CH 4 1.48 ppmv

CTMFvDA s CH 4 1.52 ppmv

CTM_vc, cM CH4 1.48 ppmv

O. 11 ppmv

0.08 ppmv

0.06 ppmv

1.45 ppmv 0.12 ppmv

1.53 ppmv 0.07 ppmv

1.42 ppmv 0.11 ppmv

HALOE methane in the subtropics and middle latitudes falls off relative to the tropics

due methane loss processes at higher levels combined with both horizontal and vertical

transport. The comparison of CH4 from CTMwccM with HALOE CH4 suggests an

appropriate balance in FVGCM. Plate 2e-f shows no latitude dependence difference
between observed and calculated methane. The increased spread in the difference at

latitudes greater than 15 ° is not unexpected as FVGCM does not correspond to a

particular year. Plate 2i-j shows no bias between HALOE CH4 and that from CTMwDAS

in the tropics, but bias for latitudes greater than 15 °. The difference between the average

methane between 15°S and 15°N and the average methane between 15° and 30 ° is nearly

30% smaller for CTMwDAS than for HALOE or CTMwccM (Table 4). This is consistent

with stronger upwelling in FVDAS than FVGCM. The descent of lower methane air is

also expected to be stronger, but the methane vertical gradient is weak and the excess

horizontal transport is dominant.

The ozone comparisons and the age of air differences can also be explained by stronger

upwelling in FVDAS than FVGCM between 15°S and 15°N. Plate li-j show a smaller
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biasrelativeto HALOE 0 3 between 15°S and 15°N for 0 3 from CTMwDAS than from

CTM_c, cM. The decrease in the ozone bias is a result of the stronger circulation; the

improved ozone comparison is countered by degraded comparisons for methane and the

age of air. Note that the ozone bias in the subtropics is larger for CTMwDAS (Plate 1i-j)

than for CTMwc, cM (Plate le-f). Excessive downward transport acting on the steep 03

vertical gradient contributes to the ozone overestimate at middle latitudes.

Implications for Model Photochemistry

Between 15°S - 15°N and 100-46 hPa the seasonal change in 0 3 is small. The most

important terms in the continuity equation are production (increases 03) and vertical

advection (decreases 03) [Ko et al., 1989; Avallone and Prather, 1996]. The seasonal

change in tropical CH 4 is also small. In the lower stratosphere tropics, CH 4 lOSS is nearly

negligible. In the subtropics, the mean of the observed methane distribution is

significantly smaller than that in the tropics. The breadth of the distribution in

subtropical methane is produced by latitudinal migration of the region of the strongest
vertical advection. Plate 2 shows that CTMwGcM reproduces many aspects of the seasonal

cycle in HALOE CH_. Even in the subtropics, the root mean square difference between
model and observations is small compared with the standard deviation of the

observations. In contrast, CH 4 from CTMwDAS is systematically high biased with respect

to observations for latitudes greater than 15 °.

Probability distribution functions (PDFs) for ozone and methane at 46 hPa from HALOE

and from both simulations are shown in Figure 12. Each panel contains PDFs determined

from tropical and subtropical observations. All observations during 1998 and 1999

within the specified latitude limits are grouped together (more than 1500 observations in

the tropics, more than 2300 observations between 15 and 40). For CH 4 at 46 hPa, the
distributions from HALOE are similar to the distributions from the two simulations. The

CH4 vertical gradient is very weak, thus this comparison provides no information about

the vertical motion. In the subtropics, the HALOE distribution is broader than that of the

simulations, and the mean value and standard deviation of the HALOE distribution (1.48

ppmv, 0.1 ppmv) are more similar to those for CTMFGGCM (1.44 ppmv, 0.084 ppmv) than

for CTMvvoAs (1.53 ppmv, 0.065 ppmv). This comparison is consistent with excess

horizontal transport and mixing between the tropics and the middle latitudes.

A high bias in modeled ozone is found in the tropics and in the subtropics for both

simulations. In the tropics, the mean of the ozone distribution from CTMwDAS(1.79

ppmv) is somewhat closer to the HALOE mean (1.55 ppmv) than that of CTMwc, cM (1.87

ppmv). Ozonesonde values are also closer to those calculated using CTMwDAs than to

those calculated using CTMwGcM. It is not possible to bring modeled 03 into agreement

with observations without degrading the comparisons for CH4 and the age of air. The

ozone comparisons are consistent with the conclusion that the circulation in CTMFvGCM is

realistic and too strong for CTMFvDAs if there is also a small error in stratospheric ozone

production. We summarize the arguments that support this conclusion:

1. To bring the FVDAS ozone into agreement with observations in the tropics, it would

be necessary to increase the tropical upwelling. Although this possibility is not
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eliminatedby themethanecomparisons(becauseof its weakverticalgradient),an
increasein tropicalupwellingwould leadto evenyoungerstratosphericair.

2. CTM OzoneandCH4haveoppositehorizontalandverticalgradientsin thetropics
andsubtropics,andthemixing ratiosof bothexceedobservationsin thesubtropics.It
is notpossibleto producesimultaneousagreementfor thesetwo constituentsby
changingthebalanceof transportprocesses.

3. If modeledozoneproductionwereexcessive,therewouldbetwo effects. Thefirst
wouldbe thatlocalozonewouldbe toohigh- if theupwellingin FVGCMis correct
andfeedbacksareneglected,the inferrederrorin productionwouldbeabout25%.
Thesecondwouldbe thattransportto themiddle latitudeswouldbeexcessiveby the
samepercentage.Reducingtheproductionin the lowerstratospherewould improve
agreementof ozonefrom FVGCMwith observationsin thetropicsandsubtropics
without affectingthegoodagreementalreadypresentfor methaneandfor theageof
air.

4. TheratioNOy/O3for FVGCM agreesfairly well with observations(Figure8). A
smalldecreasein the03wouldbeaccompaniedby asmalldecreasein NOy,sincethe
growthin NOy from the tropopause to ER-2 altitudes is controlled by local production

through reaction of N20 with O(ID) and vertical advection. Thus it is expected that

such a change in production would not place the model ratio NOy/O 3 outside the

range of the observations.

The production of ozone through photolysis of 02 may be excessive for a simple reason -

the CTM tropical ozone at about 2 hPa is (20%) lower than observed by HALOE, at least

partly because the CTM mixing ratio for NOx - NO + NOz + 2 N205 is -40% higher the

sunset HALOE NO + NO2 at the same pressure. The optical depth of ozone is too small,

allowing for excess penetration of radiation contributing to photolysis of 02. Such

interactions among processes emphasize the requirement for scrupulous global evaluation

of assessment models.

Discussion and Conclusions

CTMs driven by assimilated winds have played an important role in the interpretation of

observations of stratospheric constituents from all platforms. The requirements for a

meaningful assessment calculation are more stringent, however, and the successful

application of winds from a data assimilation system to data interpretation does not

guarantee that the transport produced in a decadal scale assessment calculation will be

realistic. The comparisons shown here highlight some of the problems with the transport

produced by these systems, and have implications both for future applications of CTMs

such as this one and for improvements in the assimilation system. Model transport in the

tropics and subtropics from CTM_vDA s is shown to differ significantly from that produced

by CTMwacM, and the transport from CTMwacM is found to be more realistic. Douglass

et al. [ 1999] developed objective criteria for evaluating transport from three sets of

meteorological fields, and also found that more realistic transport was produced by winds

from a general circulation model than by winds from an assimilation system. For multi-

year assessment calculations, the internal consistency provided by winds and
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temperaturesfrom ageneralcirculationmaybemoreimportantthanrepresentationof
particulartransporteventsusingwindsfrom a dataassimilationsystem.

In currentassimilationsystems,adjustmentsaremadeto theprognosticquantitiessuchas
temperature,wind, andmoisture.Otherparameterssuchasdiabaticheatingand
precipitationrespondto theseadjustments.Dataassimilationtechniquesassumethatthe
observationsandmodelareunbiased.Thecomparisonsmadein thisstudyshowthatthe
impactof thedatainsertionis significantwherethereis biasbetweenmodeland
observations.Dee and da Silva [1998] and Dee and Todling [2000] have studied

techniques to correct bias based on observational information within a three-dimensional

variational assimilation system. Griffith and Nichols [2000] have studied the problem of

correction of systematic errors within a four-dimensional variational framework. These

studies show that bias can be accommodated during the assimilation process. However,

the physical or discretization errors that are responsible for the generation of the bias in

the first place are not corrected. Therefore, there is an impact on the derived quantities of

the assimilation system that is seen in applications that rely on the integrated consistency

of the assimilated fields. Use of assimilated winds for CTM simulations are an example

of an application that requires this integrated consistency.

Thus, flaws in the tropical transport similar to those shown here are likely to be similar

for any assimilation system unless the GCM at the core of the system does not exhibit

systematic bias with respect to observations. The comparisons shown here emphasize the

QBO, and suggest that overall transport from a CTM driven by assimilation will be

flawed if the underlying GCM lacks the physical processes necessary to produce a QBO.

It is likely that any systematic bias will impact the transport produced by an assimilated

wind fields, however, a bias in the tropics will have a larger impact on the global

transport than a bias of similar magnitude at higher latitude due to the greater area and

mass involved in the tropics.

As shown here, it is possible to use tracers along with ozone and the CTM response to

changes in transport to achieve what has long been promised for CTM's driven by
assimilated wind fields, i.e., to identify flaws in constituent behavior that are consistent

with problems in model photochemistry. The analysis described here depends on the

comparison between the results from CTM_wDAs and CTM_vGcM as well as the

comparisons with observations, and could not be completed with a single simulation

driven by assimilated winds. Finally, we emphasize that excess horizontal mixing is as

detrimental to the quality of a simulation as overly vigorous vertical transport because

this also upsets the balance between the transport and photochemical terms. It remains a

challenge for assessment models to demonstrate that the appropriate balance between

photochemical and transport contributions to continuity equations is maintained at all
latitudes and altitudes. For constituents like ozone it is also necessary to demonstrate

appropriate balance among contributing photochemical processes. Development of a

general circulation model that will not exhibit persistent bias with respect to

meteorological observations is necessary (but not sufficient) to realize the potential
contributions of assimilated datasets to assessments of trace gas transport.
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Figure 1 The locations of HALOE observations between 980314 and 980324 are

superimposed on ozone at 46hPa from CTMwGcM. A group of measurements for which

latitude progresses from about 30 ° latitude in one hemisphere to the same latitude in the

opposite hemisphere is called a "sweep."
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Figure 2 Potential vorticity (PV) at 50 hPa is given (a) from the Terra system and (b)

from the FVDAS system. Main features are similar, but the FVDAS PV field is much

smoother that from Terra.
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Figure 4 Time series at the equator show that winds and temperatures from FVGCM are

rarely similar to those from FVDAS. (a) AT =TFvGcM-- TFVDAS; (b) AU=UFvccM - U_vDAS.

The fields from FVDAS satisfy the equatorial thermal wind relationship (equation 1): (c)

the vertical derivative of the zonal mean wind (left side of equation 1); (d) the right side

of equation 1 calculated for zonal mean temperature. The implicit forcing derived from

the observations through the assimilation system to produce the QBO signature in the

temperature and wind fields from FVDAS represents physical processes that are absent

from FVGCM.
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poleward of its spring location.
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Figure 9 Time series of total zonal mean total ozone from (a) TOMS; (b) CTM_v_M; (c)

CTM_vDAs, and of the absolute value of the latitudinal derivative from (d) TOMS; (e)

CTMFvGcM (f) CTM_,DAS. The bold line indicates 1DU/"lat; the area enclosed by these

contours exhibits weak gradients.
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Figure 11 Distribution functions for the partial ozone column 140 hPa - 56 hPa

calculated from sondes (a); (b) model ozone using CTMvvDAS; (c) model ozone using

CTMFvGCM; (d) model ozone using CTMvRMM; (e) model ozone using CTMxERRA. The
bold line is the distribution for sonde locations between 14°S and 5.8°N; the shaded

distribution is for sonde locations between 18°S and 26°S. Model values are at sonde

locations.
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